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I. Overview/Objectives
Over the last three years, our AFOSR grant focused on issues related to gas diffusion barriers on flexible polymers. We focused on the fabrication of nanolaminates and alloys using atomic layer deposition (ALD) and molecular layer deposition (MLD) techniques. The goal was to produce gas diffusion barriers on polymers that were flexible and could function as ultrabarriers to prevent H 2 O permeation. We focused on three key issues: the critical strains for cracking of Al 2 O 3 ALD films; the improvement of flexibility by fabricating ALD/MLD alloys;
and the use of MLD films as compliant interlayers.
We initially focused on careful measurements of the critical tensile and compressive strains for Al 2 O 3 ALD films on polymers. We measured film cracking versus film thickness to establish the ability of Al 2 O 3 ALD films to serve as flexible barrier films. These studies are also important for understanding the mechanical properties of Al 2 O 3 ALD films. These measurements revealed that thinner films are more flexible. We also verified that mechanical models work well to describe critical tensile strains at the nanoscale.
We also grew ALD/MLD alloys to incorporate more organic into the gas diffusion barrier. The idea was that a higher organic composition would be more flexible. For these studies, we measured the critical tensile strain and water vapor transmission rate (WVTR) to determine if adding more organic into the barriers could both improve flexibility and retain excellent barrier properties. These studies were performed using Al 2 O 3 ALD and alucone MLD to grow the ALD/MLD alloys.
We also explored MLD films as interlayers between films that have a mismatch in their coefficients of thermal expansion. The MLD films are more flexible and may be able to relieve the strain between the films with dissimilar thermal expansion coefficients. 
II. Research Topics
Over the three years, our AFOSR effort has concentrated on the following main topics:
• Growth of ALD gas diffusion barriers on polymers and testing of the barrier properties using the Ca test.
• Measurements of the critical tensile strain and critical compressive strain for Al 2 O 3 ALD films on polymers.
• Growth of Al 2 O 3 ALD and alucone MLD alloys by varying the number of ALD and MLD cycles during film deposition.
• Measurements of the critical tensile strain for the Al 2 O 3 ALD and alucone MLD alloys.
• Measurements of the water vapor transmission rate for the Al 2 O 3 ALD and alucone MLD alloys.
• Exploration of alucone MLD as a compliant interlayer to relieve thermal stress between films with dissimilar thermal expansion coefficients.
We have made excellent progress over the last three years on these research topics. The majority of our research effort was conducted by Dr. Shih-Hui Jen, a postdoctoral research associate, and Jacob Bertrand, a graduate student. Shi-Hui did the majority of the work on the mechanical properties of the films and performed all the critical tensile and compressive strain measurements. Jake Bertrand used our Ca test apparatus to measure gas diffusion barrier
properties. In addition, Byoung Hoon Lee, worked on the Al 2 O 3 ALD and alucone MLD alloys primarily with support from DuPont.
We also completed earlier work from our previous AFOSR grant during the last three The photographic images of the Ca film were also analyzed to obtain a WVTR value assuming radial oxidation of the Ca film around defects. The WVTR values obtained from the electrical conductance and the photographic images were in approximate agreement and Figure 2 increased versus Ca film oxidation until the rapid "blooming" of new circular oxidation areas.
The WVTR value was also estimated from the time required for the electrical conductance to be reduced to nearly zero. These estimated WVTR values were comparable with the largest WVTR values obtained from the electrical conductance and the photographic images after the onset of the "blooming".
C. Measurements of Critical Tensile Stain and Critical Compressive Strain for Al 2 O 3 ALD Films on Polymers
To understand the flexibility of Al 2 O 3 ALD films on polymers, the critical strains at which the Al 2 O 3 ALD films will crack were determined for both tensile and compressive strains.
The tensile strain measurements A low critical tensile strain of 0.52% was measured for a film thickness of 80 nm. The critical tensile strain increased to 2.4% at a film thickness of 5 nm. In accordance with fracture 
ALD and Alucone MLD Alloys
Critical tensile strains (CTSs) and water vapor transmission rates (WVTRs) were measured for alloy films grown on polyimide substrates using Al 2 O 3 atomic layer deposition (ALD) and alucone molecular layer deposition (MLD). Alloy composition was controlled by varying the ratio of ALD: MLD cycles during film growth. For ~100 nm film thicknesses, the CTS obtained its highest value of ~1.0 % for the 3:1 alloy as displayed in Figure 7 . The WVTR decreased dramatically versus alloy composition and reached the measurement sensitivity limit at WVTR~1×10 -4 g/m 2 /day for the 7:2, 5:1 and 6:1 alloys as shown in Figure 8 . These results demonstrate that the ALD:MLD alloys may be useful as flexible gas diffusion barriers on polymers.
F. Alucone MLD as a Compliant Interlayer to Relieve Thermal Stress
Alucone films were employed as interlayers to minimize stress caused by thermal expansion mismatch between Al 2 O 3 films grown by atomic layer deposition (ALD) and Teflon fluorinated 
G. Other Collaborations
We have also collaborated with various outside groups on ALD applications over the three years of this grant. We have continued to work on applications of ALD for enhanced properties of nano and microelectromechanical systems (N/MEMS). This work has drawn heavily from our AFOSR research. We are also working on ALD on the electrodes of Li ion batteries in our work in the iMINT DARPA Center centered at the University of Colorado. This 
IV. Personnel Supported

V. Publications
Many manuscripts describing our AFOSR-supported research and collaborations involving our AFOSR-supported research have been published during the last three years. This list includes publications from our parent AFOSR grant (***), publications resulting from AFOSR support through STTR funding (**) and publications using equipment (AFM, XRR and XPS instruments) obtained from AFOSR support through DURIP grants (*). 
VI. Interactions/ Transitions
Over the last three years (February 2009-November 2011), the PI has been invited to discuss our AFOSR-supported research or research supported by equipment obtained through AFOSR at many invited talks:
